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Abstract
The design of the MINERνA detector is presented. We give an overview of the detector. We describe the optical system,
giving details on the scintillator, the optical cabling and ﬁbers, the PMTs, and the PMT housing. We give details on the
electronics. We describe the assembled component, called the module, which gets inserted into the detector. We give
details on the quality control of the modules and present documentation showing the performance of the detector.
c© 2011 Elsevier BV. Selection and/or peer-review under responsibility of the organizing committee for TIPP 2011.
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1. Introduction
With |Δm223| = 2.32+0.12−0.08 × 10−3 eV2 [1], accelerator neutrino oscillation experiments take data with
neutrino beams in the 0.5-10 GeV region. The neutrino experiments in the past with this energy range have
been mostly bubble chambers. These experiments made a very detailed measurement of each event, but the
statistics were not very high, with at most on the order of a thousand events for quasi-elastic scattering. In
addition, these experiments did not have a detailed understanding of their incoming neutrino ﬂux.
MINERνA was designed to measure the components of neutrino interactions in the 1-10 GeV region
with high precision. To do this, the design has a ﬁnely segmented detector with the capability to track par-
ticles and to measure the calorimetric energy. MINERνA uses the high intensity NuMI beam with neutrino
energies in the 1-10 GeV region. The goal is to measure quasi-elastic scattering, resonance scattering, and
deep inelastic scattering for both neutral current and charged current interactions. MINERνA was designed
to do these measurements on a variety of nuclear targets simultaneously.
As the NuMI beam was running while MINERνA was being constructed, the detector needed to be
built quickly with well understood costs. To keep the R&D period short, MINERνA used existing proven
technologies. This reduced the R&D time, costs, and insured a detector that would work to the design
expectations when it started taking data. This made the costs and schedule more predictable. As there
would be many channels, ∼ 32000, the detector needs to be repairable. Hence, the design needs to insure
access to any component which could fail, so it could be replaced if it fails.
2. The Detector
The detector, see ﬁgure 1, is assembled from 120 modules stacked roughly along the beam direction.
The left ﬁgure shows a longitudinal view of the detector, while the right ﬁgure gives the schematic of a
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Fig. 1. The left plot shows the detector layers in the longitudinal direction. The right plot shows a transverse cross section of a tracker
module
module. The transverse shape of MINERνA is a hexagon, allowing views separated by 60◦. This enables
a three dimensional reconstruction of tracks necessary to reconstruct complex events. The central region
consists of the fully active tracker region. The tracker region consists of 120 planes of scintillator, each
containing 127 triangular strips glued together. The tracker region comprises the ﬁducial volume for most
MINERνA analyses. Just outside of the tracker is the electro-magnetic calorimeter, ECAL. The side ECAL
consists of 0.2 cm thick, 15 cm wide, lead plates glued onto the edges of each tracker scintillator plane. The
downstream ECAL consists of 20 planes of the tracker scintillator planes each with an upstream cover of 0.2
cm of lead. The hadron calorimeter, HCAL, is just outside of the ECAL. The outer detector (OD) forms the
side HCAL. The OD consists of 6 wedges, each consisting of 4 layers of scintillator and 5 layers of steel.
The 6 wedges of the OD are welded together to form a structure which holds the inner scintillator planes.
The transverse thickness of the OD is 22”, while the transverse thickness of the OD calorimeter is 14 3/4”.
In the non-HCAL region the thickness of the steel in the OD is 1 3/8”, while in the downstream HCAL
region the thickness is 1 1/2”. The downstream HCAL consists of 20 planes of 1” steel interleaved with
scintillator tracker planes. The region upstream of the tracker consists of 7 nuclear targets; ﬁve with some
combination of Pb/Fe/C, one of water, and a liquid helium target upstream of the detector. Just upstream
of the helium target is a veto array. The veto array consists of 2 planes of scintillator with a steel plane
upstream of each scintillator plane. The downstream steel plane is 1” thick, while the upstream plane is 2”
thick.
2.1. Optics
Fig. 2. The left ﬁgure show a schematic of the optical path for the detector. The right plot shows the transverse cross section of the
scintillator.
The optical path is shown in ﬁgure 2. Scintillator strips form the active component of MINERνA .
The light is read out from the strips using wavelength shifting ﬁbers. The WLS ﬁbers are brought out to
the edge of the OD frame where they are connected to optical cables. The optical cables bring the light to
a photomultiplier (PMT) box. This cable connects to another optical connector in the box which has clear
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ﬁbers of 20 cm length. These ﬁbers bring the light to a 64 channel PMT. These ﬁbers are glued in a ”cookie”
which precisely aligns the ﬁbers to the pixels of the PMT.
The scintillator has a polystyrene core, Dow Styron 663 W, doped with 1% by weight PPO and 0.03%
by weight POPOP. The scintillator was extruded at Fermilab using the FNAL/NICADD (Northern Illinois
Center for Accelerator and Detector Development) Extrusion Line Facility. Figure 2 shows the transverse
cross section of the scintillator for the inner detector. The scintillator is coated with a 0.25 mm thick TiO2
reﬂective coat. The reﬂective coating is put on with a co-extruder at the same time the scintillator is extruded.
The reﬂective coat is robust enough to allow gluing of the scintillator strips together to form a plane.
The scintillator strips for the ID are triangular with a 3.3 cm base and 1.7 cm height. The scintillator
strips are triangular so charge-sharing between neighboring strips can give a more precise position of a track
hit. The scintillator strip has a hole of radius 2.6 mm for the optical ﬁber. The strips for the OD of transverse
dimension are 1.9 cm by 1.5 cm with the same diameter hole.
The optical ﬁbers are 1.2 mm diameter, Y-11, S-35, multi-clad Kuraray ﬁber. Y-11 is Kuraray’s desig-
nation for the WLS dye, also called K27. The S-35 denotes a ﬁber more ﬂexible than non-S ﬁber. MINOS
used non-S ﬁber in their calorimeter. S-35 is the type that CMS HCAL uses in their scintillator planes for
the central and endcap hadronic calorimeter. We determined the minimum bending radius for the 1.2 mm
diameter optical ﬁber to be 5 cm.
One end of the WLS ﬁber is read out while the other end is mirrored. The ﬁbers are mirrored at the
Fermilab Technical Centers Thin Film Facility. The ﬁbers are ﬁrst polished using a technique called ”ice
polishing”. Ice polishing polishes many ﬁbers at the same time with a very good polish, see [2]. The ﬁbers
are mirrored in a vacuum tube system, speciﬁcally built and dedicated to optical ﬁber mirroring. The coating
is sputtered using a 3 magnetron sputtering gun. The sputtering uses a 99.999% chemically pure aluminum
target. The coating is approximately 2500 Angstroms thick. About 800 ﬁbers are mirrored at once. After
the mirrored ﬁbers are removed from the vacuum system, the mirror surface is coated with Red Spot UV
Epoxy and cured to protect the mirror.
Fig. 3. The optical connector and developed by Fujikura/DDK. The left and center picture show a booted connector. The right picture
shows the pieces supplied by DDK.
At the read out end, the WLS ﬁber is connected to an optical connector. The optical connector, ﬁgure 3,
was developed by Fujikura/DDK in conjunction with the CDF Plug Upgrade [3]. A newmold for the ferrule,
which holds the ﬁbers, was needed to accommodate 1.2 mm ﬁber, instead of 1.0 mm ﬁber that CDF used.
The optical connector was redesigned to hold 8 ﬁbers instead of 10 ﬁbers, which the original connectors
held. The optical connectors use a housing to align the connectors. A spring in the clip pushes the ferrules
together. Since these connectors do not have screws to hold them together, they are easy to connect and
disconnect. This make it easier to replace a PMT box. Hence, these connectors help to make the detector
easier to repair.
We measured the transmission of the connectors. The optical conﬁguration used to measure the trans-
mission was similar to the MINERνA optical conﬁguration. A 0.5 m long extruded piece of inner detector
scintillator was illuminated by a source. One half of a 1m long WLS ﬁber was inserted into the scintillator.
A 2.05 m clear ﬁber was connected to the WLS ﬁber. The other end of the clear ﬁber was connected to
a 0.9 m long clear ﬁber which went to a green extended PMT. After the conﬁguration was measured, the
2.05 m clear ﬁbers were cut in half and optical connectors were put on each cut end. The connectors were
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polished with a diamond polisher. The conﬁguration was remeasured. The ratio of the 2 measurements gave
on average 82%, which is the transmission of the light through the connector.
The connectors contain ﬁber glass. The diamond polisher polishes both the optical connector and the
ﬁber. When the diamond is polishing the connector, the diamond picks up threads of ﬁber glass and drags
them across the ﬁber. This puts tiny scratches in the ﬁber and reduces the transmission. In addition, the
ﬁber glass wears out the diamond. To improve the polishing transmission and reduce production costs, the
front face of the ferrule is coated with epoxy (Bicron BC-600), and then epoxy and ﬁbers are polished. This
increases the transmission by roughly 6%.
If the front face of the ﬁbers are coated with Bicron optical grease, BC-630, the transmission increases
by about 8%. We did not use optical grease as it would make PMTs more diﬃcult to replace. The optical
grease attracts dirt. The front face of optical ﬁbers in the PMT box are virtually impossible to clean oﬀ.
The cables were made light tight with a custom epoxy from Heigl Technologies, MP 5405 BK-MOD
Heigl Epoxy. Six molds were built to hold the connectors, black tube, and the epoxy which created the light
tight boot. The epoxy sets in about 20 minutes, which made the booting production time small. To make the
cable boots ﬁre resistant, they were coated with one coat of Preformix HCF paint.
2.2. Multi-Anode Phototubes
MINERνA chose R7600-00-M64 multi-anode PMTs from Hamamatsu. These PMTs have 64 channels
with a pixel size of 2 mm by 2 mm. The photocathode material is bialkali with a peak wavelength sensitivity
at 420 nm. The tubes have 12 stages. These are the same PMTs MINOS used for its near detector, except
for a mounting diﬀerence.
Fig. 4. The left plot shows a PMT box without the cylindrical iron covering. The left picture shows the front end board (FEB) which
plugs on the end of the PMT box.
The PMTs are enclosed in a PMT box, see ﬁgure 4. Eight optical connectors with ﬁbers bring the light
into the box. The optical ﬁbers are brought to a cookie which is precisely aligned with the PMT. The base
for the PMT consists of a printed circuit board. Two ﬂat cables connect the voltage and signal connections
from the base to the front end board (FEB). The FEB is outside the PMT box and controls the read out of
the PMT signals. The ﬁber/cookie/PMT/base assembly is held together with 4 rigid mounting rods which
are attached to the plate which holds the optical connectors. The assembly is enclosed in a cylindrical steel
box and steel endplate to shield the PMT from magnetic ﬁelds and to make the conﬁguration light tight. The
cylindrical box instead of rectangular box makes the construction of the boxes cheaper and easier. The FEB
plugs onto the 2 ﬂat cables through a connector on one of the end plates.
The high voltage is supplied by a Cockroft-Walton (CW) high-voltage base. The reference [5] describes
some of Fermilab developments of the Cockroft-Walton for PMTs. Since high voltage can not be carried on
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the ﬂat cable to the PMT base, the CW is in the PMT box on the base. The circuitry in the PMT box consists
of passive elements except for one op-amp for read back. The CW oscillator elements are on the FEB. A
FPGA on the FEB controls the CW. A controller designed at Fermilab allows the voltage to be controlled
and monitored by the FEB. The CW reduces the number of cables which go the PMTs boxes. The CW
reduces cost and complexity and makes the detector more easily repaired.
The PMT boxes have 2 feed throughs for quartz ﬁber which provide light injection. The quartz ﬁbers
terminate on a diﬀuser. The light from the quartz ﬁber illuminates the PMT cookie and hence each pixel.
The light injection provides a method to see if each channel is reading out. Light injection gets an initial
calibration for each channel and is used to set the HV for each PMT.
2.3. Electronics
The neutrino spill is 10 μ sec in duration. During this time the electronics integrates the charges of the
phototubes and stores those charges above pedestal. At the end of the spill, the FEB digitizes the stored
charges and read outs them out.
The front end MINERνA electronics was designed around the TriP-t chip [4]. This chip was designed
at Fermilab for the D0 Central Fiber Tracker. This ﬁts within the MINERνA philosophy of using existing
technologies. Each TriP-t chip contains 32 channels. Each channel contains a front end preamp. One half of
the channels have a discriminator. Each channel is divided up into low, medium, and high gain inputs. The
medium and high gain inputs are sent to the same TriP-t chip. The high gain inputs plug into the channels
with discriminators. When the beam spill starts, all channels start integrating. The discriminator threshold
is roughly 10 fC. The high voltage is set so that the signal for a photo-electron (PE) is roughly 30 fC. Hence,
the discriminator is set to ﬁre on roughly 1/3 PE. When the discriminator ﬁres, the TriP-t channel integrates
for another 150 ns. The time stamp is stored in the FGPA. The FPGA determines the timing of the hit within
the gate with a bin resolution of 2.5 ns. The analogue pipeline in the TriP-t chip stores the charge. For
MINERνA , we can store the charge for each channel for as many as 7 events that happen in that TriP-t
chip. The channel resets, and this adds an additional 150 ns before the channel becomes live. In fact, the
electronics is setup so that if one channel in a set of 32 has its discriminator ﬁres, then all 32 channels store
their charge and remain dead for 300 ns. This is the only dead time during the neutrino spill.
Fig. 5. Picture shows tracker module
The read out of the TriP-t chip is controlled by a FPGA, Xilinx Sparatan3E-500. The TriP-t chip is read
out at the end of the spill. The FPGA sends the charge in each TriP-t chip to a 12 bit ADC. Each FEB is
independently triggered and can store as many as 7 events in the neutrino spill. A PROM (programmable
read-only memory) in the FPGA stores the parameters for the board and can be downloaded while the FEB
is on the detector.
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The FEBs are read out with the ”Chain Read Out Controller” (CROC) using a LVDS token-ring data
link. VME is the protocol used for the read out. A set of FEBs are read out with one ring we call a chain.
Each CROC can read out 4 chains. The CROCs supply the timing signals to FEBs using LVDS. The boards
are daisy chained with normal ethernet cables, CAT53 UTP. In MINERνA we read out as many as 10 FEBs
in a chain, with the maximum number being 15. This reduces the number of cables we need to route on the
detector.
The timing signals, such as the start of the neutrino gate, are sent to the CROC via another VMEmodule,
called the CRIM. The CRIM accepts timing signals via a variety of inputs such as LEMO or VME. A CRIM
supplies timing signals to 4 CROCs. Each VME crate contains 2 CRIMs and 8 CROCs. Just 2 VME crates
are needed to read out the entire detector, about 32400 channels. The 2 VME crates are read out using 2
computers, and an additional computer is used as the event builder.
2.4. Detector Modules
A module consists of steel and scintillator. Figure 5 shows a tracker module. A tracker module has two
scintillator planes, either U X or V X. The three views diﬀering by 60o giving a 3 dimensional view of the
event.
A set of scintillator pieces are glued together to form a ”plank”. Then, 5 planks are glued together to
form a plane. The plane is covered with lexan to make the conﬁguration light tight. The WLS ﬁbers are
inserted into the scintillator. Next, the ﬁbers are epoxyed into the scintillator strips using Epon 815C with
TETA (Epi-Cure 3234) as the hardener. The ﬁbers are routed out on the lexan light tight cover to their
eventual location on the edge of the steel. The 2 planes are mounted in the OD steel with clips. The OD
scintillator is inserted into the OD steel and the conﬁguration is made light tight with lexan and black tape.
A HCAL module has the 1” of steel welded into the OD frame with one scintillator plane as the active
element.
Fig. 6. The ﬁgure shows a schematic of the scanner.
The modules are source tested with a source scanner. The scanner contains 2 137Cs sources which are
moved over the entire module. Figure 6 shows a schematic of the scanner. The scanner gives the attenuation
curve of each strip, gives the location of each strip, and localizes the anomalies in the strip. Figure 7 shows
the measured response of a good strip (left) and a bad strip (right). The bad strip has voids in the optical
epoxy. If a strip is good, the data analysis uses an exponential ﬁt to determine the light at a point in the strip.
If the strip is bad, the data analysis uses the scanner points to determine the light at a point.
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Fig. 7. The ﬁgure shows the results of the mapping of 2 strips. The ﬁgure on the left shows a good strip, while the ﬁgure on the right
shows a strip with a epoxy void.
2.5. Detector Performance
Figure 8 is a event display of a data event. The display shows the 3 views X, U, and V separated by 60o.
The detector gives a detailed view of the event. The muon travels through the inner hadron calorimeter and
into the MINOS near detector which measures its momentum. One of the particles leaves the inner detector
and stops in the outer iron calorimeter.
The performance of the detector is shown in Figure 9. The upper left plot shows the photoelectron
distribution for a layer for a minimum ionizing particle. The scintillation layer thickness is 1.7 cm. The
upper right plot shows the diﬀerence in timing for hits on a track. The plot shows the timing resolution is
about 3 ns. Since the bin resolution is 2.5 ns, the timing resolution is determined by the amount of light and
decay time of the Y-11 dye. The lower plot shows the diﬀerence between a hit on a track and the track ﬁt
position. The hit resolution is 2.65 mm.
3. Summary
MINERνA was ﬁnished in March 2010 and has been successfully taking data since then. MINERνA
was designed with existing technologies. This enabled MINERνA to be constructed quickly and with well
understood costs. The PMTs and FEB were setup up so they are accessible. This enables the detector to
be repaired. The daisy chain read out and Cockroft-Walton (CW) high-voltage base reduces the number
components and number of cables routed on the detector. The detector has performed well with a live time
∼ 98%.
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Fig. 8. The ﬁgure shows an event display of a neutrino data event.
Fig. 9. The upper left plot shows the photoelectron distribution for a layer for a minimum ionizing particle. The upper right plot shows
the diﬀerence in timing for hits on a track. The lower plot shows the diﬀerence between a hit on a track and the track ﬁt position
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